Nosocomial aspergillosis, a life-threatening infection in immunocompromised patients, is thought to be caused primarily by Aspergillus organisms in the air. A 3-year prospective study of the air, environmental surfaces, and water distribution system of a hospital in which there were known cases of aspergillosis was conducted to determine other possible sources of infection. Aspergillus species were found in the hospital water system. Significantly higher concentrations of airborne aspergillus propagules were found in bathrooms, where water use was highest (2.95 colony-forming units [cfu]/m 3 ) than in patient rooms (0.78 cfu/m 3 ; ) and in P p .05 hallways (0.61 cfu/m 3 ; ). A correlation was found between the rank orders of Aspergillus species P p .03 recovered from hospital water and air. Water from tanks yielded higher counts of colony-forming units than did municipal water. An isolate of Aspergillus fumigatus recovered from a patient with aspergillosis was genotypically identical to an isolate recovered from the shower wall in the patient's room. In addition to the air, hospital water systems may be a source of nosocomial aspergillosis.
and laminar airflow (LAF) systems. However, the incidence of aspergillosis continues to increase, despite the widespread use of these systems [2] ; it is estimated that 10,190 aspergillosis-related hospitalizations occurred in the United States in 1996 [3] . The increasing incidence of aspergillosis suggests that, in addition to the air, there are other sources of Aspergillus inoculum in the hospital. We have previously demonstrated that Fusarium species colonized the water system of a hospital and caused nosocomial infection [4] .
In this study, we prospectively evaluated the concentrations of viable Aspergillus species propagules in water and air and on water-distribution structures and environmental surfaces of patient care areas of a hospital. We performed molecular-relatedness studies on environmental isolates of Aspergillus species and on isolates recovered from a patient with possible nosocomial aspergillosis.
MATERIALS AND METHODS
The study was conducted at a 350-bed teaching hospital with 2 separate bone marrow transplantation (BMT) units that have a total of 43 beds. BMT unit A is located in a new patient care tower that opened in 1998; BMT unit B is located in the old hospital building, which opened in 1955. Units A and B are equipped with 2 central HEPA filtration systems; 3 rooms with LAF systems are present in unit A. All HEPA and LAF filters are routinely monitored and maintained to ensure a high rate of air exchange (у15 exchanges per hour).
The hospital is served by the Little Rock, Arkansas, municipal water supply. Municipal water is treated and maintained according to water industry standards [5] . Municipal water enters the hospital through large municipal water lines from 2 separate substations. One line serves the new patient care tower (which houses BMT unit A), and the second line serves the old hospital (which houses BMT unit B). On entry into the new tower, cold water is immediately pumped to all floors of the new patient care tower. Cold water is also sent to 2 instantaneous water heaters and then pumped to all floors of the old hospital. On entry into the old hospital building, cold water is pumped to two 17.8-m 3 water storage tanks situated on the roof. Water is then gravity-fed to BMT unit B. Cold water is also sent to four 14-m 3 steam-heated tanks, from which hot water is pumped to all floors.
Environmental sampling was prospectively performed during a 3-year period. Samples were obtained according to room availability. Rooms were cleaned daily while occupied and immediately after a patient was discharged. While rooms were occupied, a general cleaning schedule was followed, which included cleaning of room floors, sinks, bathroom floors, shower surfaces, and the toilet. When a patient was discharged, a thorough cleaning was conducted that included room floors, walls, and surfaces; bathroom floors, toilets, and sinks; and shower floors, walls, and shower heads. After cleaning, a phenolic compound was used to disinfect the surfaces.
Water samples. One-liter water samples ( ) were n p 416 collected from the municipal main water lines, the cold-and hot-water storage tanks, and showers and sinks in patient rooms. All water samples were collected in sterile polystyrene bottles containing 0.8 mL of 3% sodium thiosulfate and were passed through sterile 0.45-mm cellulose filters by use of a filtration apparatus (Millipore). With use of sterile forceps, the filters were placed directly on Sabouraud dextrose agar plates containing 400 mg/L chloramphenicol and 25 mg/L gentamicin. Plates were incubated at 30ЊC for у28 days.
Samples from the water distribution system and environmental surfaces. Samples from the water distribution system and environmental surfaces ( ) were obtained with use n p 1311 of the BBL Culturette sterile swab transport system (Becton Dickinson Microbiology Systems). Sampled sites included the inner walls of storage tanks and plumbing lines of showers and sinks, sink and shower drains and surfaces, and internal and external components of disassembled shower heads and faucet aerators. Other swabbed surfaces included doors and windowsills, floors, walls, HEPA-filter surfaces, stethoscope pads, thermometers, curtains, light fixtures, and toilet seats and bowls. Surfaces of plumbing lines and drains were sampled by swabbing the inner surface of the line once. Flat surfaces were swabbed over an area of ∼25 cm 2 . All dry-surface sampling was done with dry swabs. After acquiring the samples, the swabs were placed in the transport medium provided with the BBL Culturette system and then inoculated onto Sabouraud dextrose agar plates, as described above.
Air samples. Samples of air (n p 283) were collected with use of a 6-stage Andersen bioaerosol sampler (Andersen Instruments), as described elsewhere [6] . Air samples were recovered from outdoor air, patient rooms, bathrooms, and hallways adjoining rooms with HEPA filters and LAF systems.
All samples (water, water distribution system and environmental surface, and air samples) were placed on Sabouraud dextrose agar containing antibodies and incubated as described above. All fungi were identified with use of established methods [7] . Colony counts were enumerated as colony-forming units per liter, for water samples, and as colony-forming units per cubic millimeter, for air samples [6] .
Ten swabs of plumbing structures and lines were mounted on slides and stained with lactophenol cotton blue. The slides were then examined by means of gross microscopy. The free chlorine levels of water from municipal lines, the cold water tanks, and cold water at patient taps were determined with use of test strips (A. Daigger & Co.).
Molecular epidemiology. Blinded, number-coded environmental and clinical isolates of A. fumigatus were grown and harvested as described elsewhere [8] . Spheroplasts were prepared as described elsewhere [9] . DNA from 100-200 mg of spheroplasts (wet weight) was extracted with the use of the DNeasy Plant Mini Kit (Qiagen) and 0.2 mg of acid-washed glass beads (Sigma), vortexed for 10 min, and centrifuged. Lysate was applied to the QIAshredder (Qiagen) spin column and eluted.
We conducted an extensive laboratory analysis of numerous published and unpublished primers for filamentous fungi, including Aspergillus and Fusarium species. Those that were selected in this study proved to be most discriminatory for Aspergillus fumigatus. Combinations of primer sets were more discriminative than were any single set of primers. Four protocols for randomly amplified polymorphic DNA (RAPD) analysis and a fifth protocol for sequence-specific DNA primer analysis were used to investigate the relationship between a clinical isolate recovered from a patient with invasive asper-gillosis and environmental isolates obtained from the patient's room.
The 4 sets of RAPD primers and their reaction conditions were as follows. For PCR identification of the primer IGSL/IGSR, the thermal cycle parameters used were as described elsewhere [10] . The entire reaction was run on a 2% agarose gel for 4 h at 90 V. For PCR identification of the primer Fum2 [11] , the thermal cycle parameters used were as described elsewhere [10] , except that the initial denaturation after the addition of Taq polymerase was for 5 min at 95ЊC. The entire reaction was run on a 2% agarose gel for 4 h at 90 V. For PCR identification of the primer M13, amplification was performed as described elsewhere [12] , with the following modifications: no magnesium acetate was added, and an initial denaturation at 95ЊC for 5 min was performed. The entire reaction was run on a 1.4% agarose gel for 6 h at 45 V. For PCR identification of Primer 1, amplification was performed as described elsewhere [13] , and the entire reaction was run on a 0.8% agarose gel for 4 h at 80 V.
For sequence-specific DNA primer analysis, 5 sequencespecific primer pairs were used in high-stringency PCR to type the isolates according to the presence or absence of a single band. The 5 primer pairs are described in detail elsewhere [14] . The entire reaction was run on a 1.5% agarose gel for 2 h at 90 V.
Analysis of PCR results. Analysis of gel banding patterns was performed by visualization of images captured by the AlphaImager (Alpha Innotech). The banding patterns on gels from DNA of each clinical and environmental isolate were compared for relatedness by investigators who were blinded to the identity of the isolates. Comparative banding patterns were independently assessed for each PCR methodology and compiled into a consensus-banding pattern for each isolate. Isolates were considered molecularly related is they had identical consensus banding patterns.
Statistical analysis. Paired Student's t tests were used to compare mean concentration levels within room areas or for changing experimental conditions within a room. For instance, this test was used to compare Aspergillus species concentrations in dry air versus wet air, or in air samples obtained with the LAF system turned off versus turned on. When concentrations in samples obtained at different sites were compared, Student's 2-sample t test was used. In addition, Fisher's exact test was used to compare the frequencies that Aspergillus species were isolated at different sites. All tests were 2-sided, and an a level of 0.05 was used to determine statistical significance. No adjustments for multiple comparisons were made.
RESULTS

Laboratory findings.
Findings for 416 water samples are shown in table 1. Aspergillus species were recovered from 33% of municipal water samples, 55% of samples of water from hospital water storage tanks, and 21% of samples of hospital water from patient care areas. The frequency of isolation and mean concentration of Aspergillus species were highest in samples obtained from water storage tanks.
To examine our hypothesis that growth of Aspergillus species, like growth of Legionella species, may be amplified in hospital water tanks, we compared the mean concentration and frequency of all Aspergillus species in samples of municipal water, water from cold water tanks, and cold water from faucets in patient rooms. The rate of recovery and concentration of Aspergillus species were significantly greater ( ) in water P p .001 from cold water storage tanks (mean , concentration ‫ע‬ SD cfu/L) than they were in municipal water ( Differences in the rate of isolation or the concentration of Aspergillus species between water from the old building and water from the new building were not significant (data not shown). Microscopic examination of lactophenol cotton blue-stained swab samples taken from internal plumbing lines revealed hyphal elements compatible with Aspergillus species. The mean levels of free chlorine (‫ע‬SDs) was ppm in municipal water 0.15 ‫ע‬ 0.07 and in cold water storage tanks, and ppm in cold 0.05 ‫ע‬ 0.04 tap water.
Results of cultures of 1311 swabs of water distribution system and environmental surfaces are shown in table 2. Aspergillus species were found on surfaces of water tank lines, shower drains, shower-head faces, and toilet bowls. Water-related surfaces harbored Aspergillus species less frequently than did hospital water samples (27 [3%] of 1137 samples vs. 96 [24%] of 398 samples, respectively). Environmental surfaces in patient care areas that were not water related yielded Aspergillus species with a frequency of 7% (12 of 174 samples). Positive swabs included those taken from HEPA filter surfaces, walls, floors, and windowsills. Doors, furniture, and personal objects were not found to harbor Aspergillus species.
Findings from 274 indoor and 9 outdoor air samples are shown in table 3. Aspergillus species were recovered from rooms, bathrooms, and hallways. Significantly fewer airborne aspergilli were recovered when the LAF system was activated in 4 patient rooms (mean , cfu/m 3 ) than when concentration ‫ע‬ SD 1.00 ‫ע‬ 0 it was turned off for 2 h ( , cfu/m 3 ; mean ‫ע‬ SD 3.93 ‫ע‬ 0.62 ), indicating that the LAF system was functioning P p .022 properly. However, although the LAF system was activated in these rooms, significantly more Aspergillus organisms were re- covered from the bathrooms adjoining these rooms than were recovered from the rooms themselves (means, 6.33 cfu/m 3 for bathrooms vs. 1.00 cfu/m 3 for rooms; ). Air samples P ! .001 from HEPA-filtered hospital units yielded significantly lower mean concentrations of Aspergillus propagules than did samples of outdoor air ( ), which suggests that the air-purity P ! .005 precautions used in these units (e.g., sealed windows and HEPA filtration) were adequate ( figure 1) .
To examine the hypothesis that use of the shower could increase the aerosolization of Aspergillus species, we randomly obtained air samples before and after allowing the hot shower to run for 10-20 min. The frequency and concentration of Aspergillus propagules were similar in both groups of samples (table 3) . The frequency and concentration of Aspergillus species propagules were also similar in 39 paired samples obtained from showers (13 samples), baths (13 samples), and rooms (13 samples) before and after allowing the hot shower to run for 10-20 min: 13% of dry and 16% of wet air samples were positive for Aspergillus species, and the mean concentrations (‫ע‬SDs) were cfu/m 3 and cfu/m 3 , respectively. When all 3.3 ‫ע‬ 3.2 4.1 ‫ע‬ 3.68 air samples were analyzed, however, airborne concentrations of Aspergillus species were significantly higher in bathrooms (wet area) than in dry areas, such as rooms ( ) and hallways P p .05 ( ; figure 1) .
Rank-order distributions of Aspergillus species in both water and air were strikingly similar. A. niger was the most frequently isolated species, followed by A. fumigatus, Aspergillus terreus, and Aspergillus flavus ( figure 2) .
Case report. A 48-year-old white man with relapsed lymphoma was admitted 18 June 1997 with febrile neutropenia (740 neutrophils/mm 3 ), hypoxia, and pulmonary infiltrates after having undergone chemotherapy. Bronchoalveolar lavage (BAL) was performed on 23 July 1997 and revealed inflammation of the airways and collection of fluid and mucus at the lingula that almost completely occluded the lumen. Potassium hydroxide staining of the BAL sample revealed fungal hyphae, and the cytology report described hyphal elements, some of which were intracellular. The culture yielded A. fumigatus. All other cultures and stains were negative. The patient's clinical course continued to deteriorate despite receipt of treatment plumbing samples yielded A. fumigatus, whereas none of 8 room air samples obtained yielded this organism. Six strains of A. fumigatus were subjected to molecular studies. Three were recovered from the patient's room environment (1 each recovered from shower hot water, from a swab of the shower wall, and from a swab of the shower floor), 1 from the shower hot water of an adjacent room, 1 from the sample of water from the cold water storage tank that fed the patient's room, and 1 from the patient's BAL isolate. Molecular typing showed that the A. fumigatus strain recovered from the patient and an isolate recovered from the wall of his room shower (recovered in November 1998) had identical consensus banding patterns. Other strains were genotypically similar, but not identical, to the isolate recovered from the patient ( figure 3; table  4 ).
DISCUSSION
In this 3-year prospective surveillance study conducted in a hospital that has adequate precautions against contamination of the indoor air, we consistently showed that Aspergillus species can inhabit the water system of a hospital; that there is a difference in the concentration of airborne aspergilli between patient rooms and patient bathrooms (with the highest concentrations found in bathrooms with more water use); that there is a strong correlation between the rank orders of Aspergillus species isolated in water and air; and that hospital water storage tanks may serve as amplification sites for Aspergillus species. We also showed that the A. fumigatus strain recovered from the shower wall of 1 patient's room was of the same molecular genotype as the strain that caused aspergillosis in this patient. On the basis of the available data, however, we cannot rule out other sources for this strain, nor can we directly prove that it was transmitted from water to the patient. However, the similarity of genotypes between these isolates and the repeated failure to recover A. fumigatus from air samples suggests that water might have been the source of aspergillosis.
The difference in the concentrations of airborne aspergilli in patient bathrooms (the areas of highest water use), patient rooms, and hallways (the areas of low water use) and the high correlation between the rank orders of Aspergillus species recovered from water and air strongly support our hypothesis that, in a hospital with adequate air filtration, Aspergillus organisms can be secondarily airborne (i.e., grown from propagules aerosolized from water), rather than primarily airborne (i.e., grown from unfiltered outside air introduced into the hospital). This is best demonstrated by the results of the experiments conducted in rooms equipped with LAF systems, where a 6-fold higher concentration of airborne aspergilli was found in bathrooms than in patient rooms. Our finding of a concentration differential between patient bathrooms, rooms, and hallways contradicts the current thinking that airborne aspergilli are transmitted from outdoor sources; for example, if aspergilli were introduced by means of human traffic in hallways, we would have expected to find a higher concentration of aerosolized aspergilli in hallways and a lower concentration in bathrooms.
Aspergillus species propagules were recovered from the water system, and hyphae compatible with molds, including Aspergillus species, were visualized in samples obtained from this system by use of lactophenol cotton blue staining. These findings suggest that the biofilm in the water system is the reservoir from which aspergilli can be released in a manner reminiscent of waterborne Legionella species [15] .
To our knowledge, our results are the first to suggest the possibility that nosocomial aspergillosis in patients with cancer can be acquired through exposure to hospital water. The biologic plausibility of waterborne transmission of aspergillosis is supported by several other findings. Aspergillosis can be waterborne, as shown in reports of the disease in otherwise healthy people who have near-drowning accidents [16, 17] . Aspergillosis can also be acquired from hospital water, as suggested by an outbreak of nosocomial A. niger infection in which an icemaking machine was implicated as a possible reservoir [18] . Furthermore, similar opportunistic molds have caused waterborne nosocomial infections, including disseminated Fusarium solani infection [4] , endophthalmitis due to Acremonium species [19] , and disseminated infections due to Exophiala jeanselmei [20] . In addition, Aspergillus species share several characteristics with Legionella species, which are known waterborne pathogens; these include amplification in water reservoirs, presence in the water-system biofilm, certain growth requirements [21] , and an association with construction activity [22] . Finally, the consistency of our findings during a 3-year period and in a study of 12000 samples is additional supportive evidence for the possible waterborne transmission of aspergillosis.
Although it is clear that aspergillosis is a primarily airborne infection and is often acquired by inhalation [1, 23, 24] , our data suggest that water systems can be added to the known environmental sources of infection with Aspergillus species. This idea has several arguments in its favor. First, the incidence of aspergillosis continues to increase nationwide, despite the widespread installation of expensive air filtration systems to prevent the entry of contaminated outside air into hospitals [2, 3, 25] . Second, recent data suggest a lack of correlation between air spore counts of aspergilli and the rate of nosocomial aspergillosis or colonization with Aspergillus species [26, 27] . Third, there are data that suggest other portals of entry, such as the gut [28] [29] [30] [31] [32] or skin [33, 34] , for Aspergillus species and other molds. Fourth, counts of colony-forming units of Aspergillus species were seen to increase in a cancer unit, despite the presence of a properly functioning HEPA filtration system; the source of the molds was determined to be a rotten sink cabinet with leaking plumbing lines [35] . Finally, the reports that support the idea that nosocomial aspergillosis is primarily airborne are retrospective in nature and include limited or no information on such key factors as the number of patient-days at risk and the degree of risk. In addition, these studies did not sample water as a possible source of infection [23, 36, 37] .
Some studies have suggested that use of LAF systems is a factor that protects against aspergillosis; however, these studies had unbalanced allocation of patients to rooms with or without LAF systems, and they usually provided patients in LAF-equipped rooms with additional preventive measures, such as sterile water and food [38] . Although some studies have shown molecular relatedness between airborne and clinical strains of Aspergillus species in hospitals [39] , none sampled water to determine whether the environmental strains were primarily airborne (i.e., derived from unfiltered outside air) or secondarily airborne (i.e., derived from a water source). The presence of Aspergillus species in drinking water distribution systems has been documented [40] , and it has been suggested that this presence is related to indoor humidity [41, 42] . We had expected, but did not observe, an immediate increase in counts of aspergilli in air samples obtained after the shower had been used. However, it is likely that water use other than showering, such as toilet flushing or sink use, may continuously increase the aerosolization of Aspergillus organisms in the bathroom, or that running the shower may not increase aerosolization immediately (i.e., it may not occur after a single use of the shower), which may require multiple uses of the shower, as has been shown elsewhere [43] . It is possible that seeding of Aspergillus organisms from the water system potentiates colonization and shortterm sporulation in an as-yet-undetected damp microniche in bathrooms either between or in spite of regular disinfection procedures. This microniche may not be directly disturbed by the process of running a shower. Our findings may not be generalizable to all institutions for various reasons, including differences in the ages and types of water distribution systems at different institutions. Most cases of invasive aspergillosis worldwide are not caused by A. niger, the principal species found in our samples, although this species is known to cause otomycosis [44] , pneumonia [45] , endocarditis [46] , pericarditis [47] , peritonitis [48] , and disseminated disease [49] . However, there are well-known geographical variations in the Aspergillus species that cause disease. These differences may be the consequence of the frequency and the virulence of each of the Aspergillus species present in the environment. For example, A. fumigatus is the species most frequently recovered from a hospital and community water system in Norway [43] , whereas the predominant Aspergillus species recovered from water in Greece [50] and in our study in Little Rock, Arkansas, is A. niger, and in Houston, Texas, it is A. terreus (data not shown). The virulence of various Aspergillus species may also differ; A. niger seems to be less likely to cause invasive disease than is A. fumigatus. For instance, !10% of patients who had undergone BMT and who were colonized with A. niger developed invasive disease, compared with 80% of those colonized with A. fumigatus [25] . This difference in virulence can also explain our observation of a somewhat higher incidence of aspergillosis due to A. fumigatus at our institution, although A. niger was the predominant species recovered from our hospital water system.
In conclusion, we have identified the water distribution system of a hospital with adequate air filtration as a potential indoor reservoir of Aspergillus species, which leads to secondary aerosolization of fungal propagules and exposure of patients to the fungus. Preliminary data suggest that transmission may have occurred from water to a patient. Molecular typing of all strains of Aspergillus species recovered from the hospital environment and strains recovered from patients with nosocomial aspergillosis is currently under way. Sampling of patient residences is also planned.
